O
ne of the more interesting ways to consider scientific visualization is to define it as computationally intense visual thinking. For centuries, scientists and engineers used illustration and drawing to visually depict their ideas. As we step into the next millennium, new computer graphics algorithms and interactive techniques provide us with the ability to computationally generate images that look like handdrawn or paintbrush scientific visualizations. These emerging computer graphics techniques will be used to "draw on the (electronic) wall" that Turner Whitted described in the July/August 1999 Visualization Viewpoints column of IEEE CG&A (pp. 6-9). Figure 1 provides an example of paintbrush scientific visualization techniques, discussed in David Laidlaw's sidebar.
Scientific visualization involves more than computer graphics illustrations. It includes generating abstract computer imagery from data-intensive computer simulations or massive repositories of scientific digital data. These repositories encompass data collected with instruments like satellites and electron microscopes. Our internetworked computing power will continue to expand so that young people's educational science projects will include the merger of global positioning system (GPS) data with computer simulations or digital data available on the Next Generation Internet. Our scientific visualizations of today will be child's play by 2025. The software tools for creating 3D scientific visualizations and Web access to many scientific data depositories will be widely available to the general public. Professional visualization scientists will continue their work by defining, joining, and executing project proposals that explore grand challenge problems or commercially viable applied research. In the earth sciences arena, I can foresee computational steering of dynamic weather models where the user interacts not only in the model's physical space but also in the phase space. We must think beyond the scientific academies of centuries past and produce global virtual environments for interactively exploring and immersing ourselves in 3D representations of scientific phenomena. Our scientific partners and collaborators will virtually join us in our immersive worlds while located at internetworked, geographically disperse sites. Our virtual environments will need to make a quantum leap in visual quality from where they are today. One challenge will be to have virtual reality embedded into physical reality in such a way that users aren't required to wear any special glasses or goggles.
Steps toward actualizing these visions have begun. The two National Science Foundation (NSF) funded "Partnerships for Advanced Computational Infrastructure" are US-based examples of grand experiments to accomplish this. The National Center for Supercomputing Applications and the San Diego Supercomputer Center are the designated leads of these efforts. In addition, the "Data and Visualization Corridors" report 1 (http:// www.cacr.caltech.edu/Publications/DVC/index.html) defines a research agenda for scientific visualization that encourages multiple agency coordination and collaboration. The Fraunhofer Institute for Computer Graphics is a European-based example of an institute's efforts to forge global collaborations in applied scientific visualization and other computer graphics research.
We must also ask ourselves to develop new data models and apply intelligent knowledge discovery techniques to explore and extract information from our massive and complex computational simulations or data repositories. This will also aid us in mining for more effective scien-tific data display technologies. In the new millennium, it will be commonplace to query by pictorial example (QBPE) rather than using the text-based, structured query languages of today.
In his "Top Ten Visualization Problems"2 (http:// www.siggraph.org/publications/newsletter/v33n2/ columns/hibbard.html ) Bill Hibbard noted, "Even though it will eventually be easy to render at the limits of human perception, users will always need to visually interact with data sets." Parallel rendering techniques will improve geometric resolution and real-time interactivity of visualized data sets in the next millennium. However, we must continue to explore novel ways to visually depict numeric and non-numeric scientific information. Visualization will be an increasingly important component of programming tools that allow us to build ever more complex computer systems. However, if we aren't effectively communicating via the visual content of our scientific visualizations, there actually may not be a desire for sustained interactivity or multiuser collaborations.
We will see a break from traditional scientific visualization and computing paradigms in the new millennium, just as fine art saw the Impressionism Movement from the 1860s through the 1880s. Perhaps the current open-source trend for visualization tools and other computing codes is such an effort. One of the concepts we will continually rediscover is that the compelling message and meaning associated with a scientific visualization is open source. While we can digitally watermark our images, we cannot stop the insight and ideas that go with viewing an effective scientific visualization. I trust we will always find joy and hope in this basic truth about visual thinking, no matter what millennium we live in.
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Applying Concepts from Oil Painting and Art to Scientific Visualization
David Laidlaw, Brown University Concepts from oil painting can be applied to represent more information in scientific visualizations. While the image in Figure 1 doesn't look like an oil painting, concepts motivated by the study of painting, art, and art history were directly applied in creating it. Further ideas excavated from the centuries of experience of painters have the potential to revolutionize visualization.
The image is composited from layers of small icons analogous to paintbrush strokes. The many potential visual attributes of such strokes-size, shape, orientation, colors, texture, density, etc.-can all represent components of the data. The use of multiple, partially transparent layers multiplies the information capacity of the medium further. In a sense, an image can become several images when viewed from different distances. The approach can also introduce a temporal aspect to still images, using visual cues to direct a viewer through the temporal cognitive process of understanding the relationships among the data components.
The image, created through a collaboration with R. Michael Kirby and H. Marmanis of the Division of Applied Math at Brown University, shows simulated 2D flow around a cylinder at Reynolds number 100. The quantities displayed include two newly derived hydrodynamic quantities-turbulent current and turbulent charge-as well as three traditional flow quantities-velocity, vorticity, and rate of strain. Visualizing all values simultaneously gives a context for relating the different flow quantities to one another and provides new physical insight.
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Commonplace Visualizations for the Future
My colleagues and I created Figure 2 with the Environmental Systems Research Institute's ArcView 3D Analyst product. The bluegreen path depicts air pollution data associated with mobile (such as automobile) emissions collected with a GPS. Low values are dark green, while high values are dark blue. We imported this data into ArcView's Table function and visualized it with the 3D Analyst module. The city of Raleigh, North Carolina, provided us with specific local street and building data associated with the same regions where the GPS data was collected. In this image, the street and building information is geographically registered with the mobile emissions data. Using the 3D Analyst Extrude functions, we added height to the buildings to create a "virtual community." Since we didn't have accurate data, we estimated these values. This visualization can easily be exported to VRML97 format, allowing for a Web-enabled interactive visual display.
Digital geographic information for local communities is already becoming available via the Web, and usage of GPS tools is increasing. So, by 2025, it's reasonable to expect young people to use similar visualization techniques for their school science projects.
We created the visualization shown here for the Human Exposure in Urban Environment project at the United States Environmental Protection Agency (Alan Huber, US EPA, principal investigator).
